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Accurate Azimuth Ground Deformation Estimation
from Sentinel-1 Time Series
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Abstract—This letter proposes the exploitation of the overlap-
ping areas between bursts of Sentinel-1 Interferometric Wide
swath data for the estimation of ground azimuth deformation
velocities from time series, which provides high sensitivity to
the North-South direction. The availability of two separated
Doppler spectral looks over these areas allows one to obtain high
accurate estimates, overcoming the limited performance of clas-
sical correlation techniques with coarse resolution modes. Since
the estimation is restricted to the (sparsely distributed) burst
overlaps, its applicability is limited to geophysical phenomena
characterized by a slow spatial variability, e.g., seismic scenarios.
We demonstrate the suitability of this approach to time series
over a region in Pakistan affected by post-seismic deformation.
The estimated mean azimuth velocity performance from real data
indicates an accuracy better than 7 mm/year over high long-term
coherent areas for a three-year data stack.

Index Terms—Synthetic aperture radar, TOPS, Sentinel-1,
interferometry, overlaps, ESD, time series, azimuth ground de-
formation, Balochistan.

I. INTRODUCTION

HE application of correlation techniques to spaceborne

synthetic aperture radar (SAR) image pairs to obtain
sensitivity to ground deformation in the azimuth direction,
traditionally used with spaceborne StripMap images [1], pro-
vides a poor accuracy with the Sentinel-1 Interferometric
Wide swath (IW) mode. The poor performance results from
the low azimuth resolution of Sentinel-1 IW, namely, 20
m [2], restricting its use to co-seismic events, e.g., strong
earthquakes, where the displacements are expected to be in
the order of a few meters. Sentinel-1 IW products employ the
Terrain Observation by Progressive Scans (TOPS) acquisition
baseline [3].

An alternative to cross-correlation techniques consists in the
exploitation of spectral diversity (SD) techniques [4] applied to
the overlap regions between bursts of TOPS data [5][6], where
two separated slices of the Doppler spectrum are available. The
burst overlaps have been traditionally exploited to refine the
azimuth coregistration parameters due to orbital inaccuracies
with pairs [5] and also extended to stacks of data [7][8] in
order to mitigate temporal decorrelation effects.

Regarding the estimation of ground deformation, the burst
overlaps have been also exploited with interferometric pairs of
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Sentinel-1 IW for the retrieval of azimuth displacements from
strong earthquakes or for post-seismic deformation estimation
with a very large temporal baseline [9][10][11].

The opportunity to retrieve continuous accurate azimuth
shifts exploiting Doppler spectrum diversity following the
TOPS acquisition baseline has been already proposed with the
2-look TOPS modes (TOPS2 and TOPS2+) and demonstrated
with TerraSAR-X [12]. The trade-off of these approaches is a
reduced coverage in elevation or/and azimuth resolution.

Our contribution in this letter focuses on the retrieval
of azimuthal ground displacements with Sentinel-1 IW data
over slow deforming tectonic scenarios exploiting the burst
overlaps, making use of stacks of images. The sparse coverage
of the measurements on the burst overlaps implies a discon-
tinuous azimuth deformation retrieval, but very valuable for
scenarios with smooth gradients of spatial deformation. We
perform a 2-D interpolation of the mean azimuth velocity
over the gaps between overlaps, to allow a better visual
interpretation, however in a real scenario an inversion with a
geophysical model is usually performed, employing the origi-
nal measurements. Compared to the work done in [9][10][11],
which applies a full persistent scatterer interferometry (PSI)
processing to the overlap areas, our approach takes advantage
of the fact that the double differential phases exploiting the
overlap areas are autocalibrated and most of the tropospheric
contributions cancel out.

The paper is structured as follows: in section II the method-
ology is presented. Section III provides the expected perfor-
mances with the Sentinel-1 system. In Section IV post-seismic
deformation results with three years of Sentinel-1 IW time-
series data over Balochistan, Pakistan, are presented.

II. METHODOLOGY

SAR images acquired with the TOPS mode take place
by recording subsets of echoes of the full aperture, called
bursts [3]. Our starting point consists in a stack of N single
look complex (SLC) images with M bursts per subswath, from
Sentinel-1 TW images, whose bursts have been geometrically
coregistered using precise orbital information and an external
digital elevation model (DEM) [13].

A. Estimation of azimuth shifts

The spectral separation for a target on ground located at
the overlapping area between two consecutive bursts can be
exploited to retrieve an accurate estimation of the azimuthal
shift. The azimuth shifts can be estimated by computing the
enhanced spectral diversity (ESD) [5][6] phases. This can be
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done for each pixel with range and azimuth coordinates r
and z, respectively, at the overlapping areas from consecutive
bursts according to

Dhan(r,2) = arg { [pir, @) - (55 (r,2))"]
[P (r) - (st ()]}
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where p;, and s, refer to the ¢™ burst of the primary and
secondary images, respectively, and p,,, and s;,, to the
(141)™ burst in an analogous way. The superscript k indicates
the index of the secondary images and arg{-} retrieves the
phase of a complex number. N indicates the number of images
in the stack and M the number of burst overlaps. Given a
desired output product resolution, spatial multilooking can be
applied to the computation of the interferometric and ESD
phases.

B. Mean azimuth velocity estimation

In [12] two approaches were proposed for the retrieval of
the mean azimuth velocity when exploiting 2-look systems,
namely: (i) to obtain the mean line-of-sight velocities for
each look independently (PSI processing) and perform the
difference and scale the result, or (ii) to work directly with the
ESD phases. We develop in the following the latter approach,
which has the major advantage that the ESD phases are
already autocalibrated. This means that systematic effects,
such as the constant phase offset, residual topography errors
and tropospheric noise cancel out. Since the phases are already
autocalibrated there is no need to establish a reference point to
align the ESD interferograms or to exploit arcs between points,
to accommodate temporal variations of the troposphere, sus-
ceptible to introduce wrapping errors for very sparse networks.

The azimuth shift (in spatial units) for the % interferogram,
Az*(r, ), can be obtained based on the relation [5]

Ax*(r,x)
v

g

Pron (1 x) = 2T A fou, @)
where Af,,, is the Doppler spectral separation between con-
secutive bursts at its overlapping area, and v, is the radar
beam ground velocity of the reference acquisition. Note that
both magnitudes present a dependence with range, r, omitted
for the sake of simplicity.

The estimation of the mean azimuth velocity, v,, can be ob-
tained for each multilooked pixel by applying the periodogram
to the ESD phases of the time-series as follows

N-2
0, = arg max{?R{ Z ej(d’ESD[k]—QﬂAfovwaT[k]”g)}}, 3)

Va k’=0

where arg max, {-} stands for the argument of the maximum
(mean azimuth velocity, v,, for which the function attains
its largest value). ¢gsp is the temporal array of ESD phases
of each (primary-secondary) interferogram, and 7' is an ar-
ray containing the temporal baselines of each interferogram.

Eq. (3) is computed for each multilooked pixel, and again,
the dependence of v,, ¢gsp, Af,,, and v, with range and
azimuth has been omitted for simplicity. Note that any other
deformation model other than linear might be used instead
of assuming linear deformation. Uncompensated azimuthal
orbital errors have a small impact on the estimation of the
mean azimuth velocity if the number of images is large enough
and the magnitude of the deformation signal large enough.

C. Azimuthal residual errors

Once the mean azimuth velocity has been obtained, the
residual azimuth error (in spatial units) for each interferogram,
k, can be easily retrieved, by combining (2) and (3), as

v, [K]

Az, [k] = ﬁ Orsp [k]

The retrieved azimuth errors include azimuth orbital errors,
azimuth shifts introduced by the differential ionosphere and
any non-linear deformation component. The differential iono-
spheric artifacts can be mitigated beforehand exploiting the
(range) split-spectrum method [14] to the coregistered SLCs.
Since orbital along-track errors are almost constant within a
scene, an average of all estimates for a particular interferogram
k would result in the differential orbital error for that particular
epoch. After removing these contributions, the ESD phases
contain essentially the complete deformation time series, since
the tropospheric component, which is the main limitation in
conventional PSI, is almost absent. Considering scenarios with
low deformation rates and based on the sensitivity of the ESD
phases (wrapping occurs for displacements larger than +70
cm [6]) the temporal unwrapping of the time series for each
pixel of interest does not pose a critical step.

— v, T[k] “4)

III. EXPECTED PERFORMANCE

This section provides the achievable accuracy in the re-
trieval of azimuth shifts, applying the methodology previously
exposed, and makes a comparison to the accuracy achiev-
able using conventional cross-correlation methods. We assume
in the following homogeneous interferometric SAR images,
which are characterized by distributed scatterers with Gaussian
statistics and partial coherence.

A. Interferometric pairs

The achievable accuracy to retrieve the azimuth shifts (in
spatial units) from interferometric pairs exploiting ESD at the
overlapping regions between consecutive bursts is given by
[15](5]

Odrsp

OAx = mvg@’)

T oaAfLWL oy

where oy, is the standard deviation of the ESD phase,
L is the number of averaged samples (spatial looks) and -~y
the interferometric coherence. We assume that the number of
looks is large enough, i.e. L — oo, such that the asymptotic
approximation of the phase standard deviation is fulfilled.
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Fig. 1: Expected accuracy for the estimation of the azimuth
shift with the Sentinel-1 system, from interferometric pairs,
with ESD with IW and employing cross correlation (CC) with
StripMap and IW. The product resolution is 500 m x 500 m.

TABLE I. Relevant Sentinel-1 system parameters for the
retrieval of azimuth shifts. The Doppler bandwidth of each
look, B,.., and spectral separation, Af, for the IW2 sub-
swath and for StripMap are provided. A product resolution
of 500 m x 500 m has been established, being L the number
of spatial looks. o/cg\, indicates the ratio of accuracies with
respect to StripMap (SM). The last row provides the ambiguity
bands for phase-based methods (SD or ESD); this does not
apply to CC, which provides an absolute measurement.

Sentinel-1 system StripMap w
Resolution (rgxaz) [m] 1.7x4.3 2.7x23
Measurement techn. CC/SD CC/SD ESD
Azimuth Coverage full full overlaps
Bioox[Hz] 526.7 104.3 313
A f[Hz] 1053.3 208.7 4045
L (500 mx500 m) 11364 1394 4183
o/osm 1 11.34 0.34
Amb. band [m] —/£32 —/£163 +0.8

The curves of Fig. 1 show the achievable azimuth shift
retrieval accuracy for pairs of Sentinel-1 images. The accuracy
that can be obtained with the StripMap mode using cross-
correlation (CC) ! techniques is also displayed for reference.

Table I summarizes the spectral separation and available
bandwidth for the Sentinel-1 system. The application of con-
ventional cross-correlation (or equivalently taking sublooks
from the original spectrum [4]) to IW data provides an accu-
racy one order of magnitude worse than for StripMap, whereas
exploiting the overlaps reduces the standard deviation ratio to
1/3 when compared to StripMap. The standard deviation ratio
between ESD at the burst overlaps and cross-correlation with
IW is reduced to 0.03 (an improvement by a factor 33, i.e.
30.4 dB).

INote that the accuracies of CC and SD, with the optimum bandwidth ratio
b = B/3, are identical, as demonstrated in [15]; b stands for the sub-look
bandwidth, whereas B is the available bandwidth
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Fig. 2: Expected mean ground velocity displacement perfor-
mance in the line-of-sight and azimuth directions by exploiting
ESD at the burst overlapping areas with Sentinel-1 IW time
series, assuming a repetition cycle of 12 days. An exponential
decorrelation model has been used with a time constant of
40 days, a long-term coherence equal to 0.2 and a standard
deviation of the turbulent troposphere equal to 1 cm. The prod-
uct resolution has been set to 500 m x 500 m. The achievable
accuracy using SD is also displayed for comparisons purposes.

B. Time series

The exploitation of time series enables the retrieval of
very small ground displacements by means of the estimation
of the mean deformation velocity. The expected 2-D (line
of sight and azimuth) accuracies, including the influence of
the turbulent troposphere, are provided in the following. The
turbulent troposphere can be modeled as a noise source of
certain power in the radar line of sight.

When the burst overlaps of Sentinel-1 IW data are exploited
to obtain azimuth displacements, two repeat-pass interfero-
grams are available, containing each of them almost the same
tropospheric delay because of the small temporal (2.3 s) and
spatial (20 m at 1 km height) baselines between observations
of the same overpass. In [16] a quantitative analysis for
the case of simultaneous squinted SAR acquisitions with
two platforms has been provided, being straightforward its
extension to our burst-overlaps case.

Fig. 2 shows the performance curves of the mean velocities
for the azimuth and line of sight directions as a function of
the number of images in the stack.

The achievable accuracies in the line of sight and azimuth
are closer for short stacks. The reason is that the azimuth
estimation is much less affected by turbulent troposphere, due
to the high spatial and temporal correlation between observa-
tions, whereas the estimation in the line-of-sight direction is
strongly affected by the troposphere, as it cannot be mitigated
properly due to the reduced number of images. Adding more
images to the stack enhances the estimation in line of sight,
whereas the azimuth direction improves only due to having
more realizations (images).
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IV. RESULTS WITH SENTINEL-1 DATA

We present in this section results with stacks of images
in ascending and descending geometry over Balochistan, in
Pakistan. This area was affected by strong Earthquakes in
November 2013 [17], followed by post-seismic displacement
in the North-South direction, as has been retrieved from
experimental TerraSAR-X 2-look TOPS time series [12].

Sentinel-1 IW images were available over the area starting at
the end of 2014. Two data take slices have been processed for
each geometry, resulting in a coverage of 250 km x 340 km.

The ascending dataset consists of 50 acquisitions and covers
a time span of approximately three years, from 25 Octo-
ber 2014 until 27 September 2017. The primary image has
been selected on 23 May 2016. Fig. 3(a) shows a Google
Earth representation with a gray-scale optical basemap in the
background including the colour-coded deformation estimates
at the overlap regions. The smooth spatial variation of the
displacement allows performing an interpolation with a 2-D
linear kernel between overlaps, for better visual interpretation,
shown in Fig. 3(c).

The descending dataset consists also of 50 acquisitions
and covers a similar time span, from 16 October 2014 until
13 August 2017. The primary image dates 27 March 2016.
Figures 3(b) and (d) show the descending results analogously
to the ascending results. For both geometries the 2013 surface
rupture line is depicted with a black solid line, indicating that
the deformation pattern of the post-seismic deformation is in
concordance with the 2013 co-seismic deformation.

At the bottom of the figure, a performance assessment is
provided for both geometries. For each multilooked pixel, an
exponential decorrelation model [18] has been applied in order
to retrieve the long-term coherence, which has been used to
compute the standard deviation for different bins. This is done
for each subswath (IW1-3) and for the whole scene (ALL). The
Cramér Rao Bound (CRB) [16] is displayed for reference. The
deviations between measurements and expected performance
might be due to not having performed a joint estimation of
the ESD phases with the Phase Linking [19] algorithm and
assumptions on the troposphere, namely, its autocorrelation
function, height and wind speed. The deviations are larger
for low long-term coherence values probably due to biased
coherence estimation employing a limited number of samples.
For high long-term coherences (> 0.5) the accuracy is better
than approximately 7 mm/year for both geometries.

V. CONCLUSIONS

The exploitation of the burst overlaps of Sentinel-1 IW
acquisitions represents an opportunity to obtain accurate es-
timates of along-track ground displacements. The coverage of
the estimation is restricted to the overlap regions making it
suitable for the study of large scale deformation phenomena,
e.g., strain, co-seismic events, etc. The proposed approach ex-
ploits the particular characteristics of the ESD phases, namely,
the fact that these phases are autocalibrated and that most of
the tropospheric signal cancels out. This allows a significant
simplification of the processing to retrieve the deformation
time series when compared to conventional PSI approaches.

The along-track estimation complements the line-of-sight
deformation measurement and aids to the computation of a
more homogeneous 3D deformation retrieval, which can be of
valuable interest for geophysical applications [10][11].

This procedure has been applied to two three-years stacks
of Sentinel-1 images over Balochistan, revealing an accuracy
better than 7 mm/year for high coherent areas, which can even
be improved using a joint estimation of the ESD phases.
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Fig. 3: The upper maps show the mean azimuth ground velocity evaluated at the burst overlaps for ascending (a) and descending
(b). The maps at the middle part display the interpolated mean azimuth ground velocity for ascending (left) and descending
(right). The 2013 surface rupture line, depicted with a solid black line, has been computed by Ken Hudnut from Caltech
employing Landsat pixel offsets. The plots at the bottom show the standard deviation of the retrieved mean azimuth velocity
computed over all overlaping areas of each subswath for different long-term coherences, the Cramér Rao Bound (CRB) values
are shown for reference.



